INTRODUCTION
High resolution beam-deflection techniques have been applied to the ultrasonic inspection of materials. The technique is similar to air-coupled detection, with the airborne wave detected through beam deflection instead of with an electro-acoustic transducer. It is a non-contact, laser based, detection technique that does not require reflection of the detection laser beam from the surface. It is thus independent of the surface optical properties of the material under test.
The detection principle is the bending of an optical probe beam passing through a density gradient in a gas. The associated gradient in the optical index of refraction n(r) causes beam deflection, as described by the eikonal equation [1] . Optical beam deflection techniques have been extensively applied to the observation of thermal waves in gases [2] [3] [4] [5] . Similar deflections from acoustic waves in gases are more difficult to detect because of the generally weaker spatial dependence of the gas density [6] [7] [8] .
Sufficient sensitivity for application of the beam deflection technique to the ultrasonic inspection of materials has been obtained by use of a 532 nm cw diode-pumped laser and a custom-built position-sensitive photodetector. Gas-coupled laser acoustic detection (GCLAD) has been used to detect ultrasonic waveforms in a variety of materials, and as the detection element in ultrasonic C-scans of various polymer/graphite composite panels.
The basic experimental arrangement is shown in Figure 1 . Ultrasonic waveforms, generated by a pulsed laser or contact transducer at the upper surface of the sample, propagate within the sample and are repeatedly reflected from the lower and upper surfaces. During each reflection, a fraction of the ultrasonic power is radiated as an airborne wave. This acoustic wave has density and optical index of Experimental arrangement for observation oflaser-generated ultrasonic waveforms with GCLAD. Ultrasonic waves propagate through the sample and, upon incidence at the lower surface, radiate an airborne wave which causes deflection of an optical probe beam.
refraction gradients perpendicular to the surface of the sample. The probe beam, directed parallel to the surface of the sample, is deflected when it passes through a region with a transverse gradient in the index of refraction. The beam deflection is measured with a position-sensitive photo detector.
In contrast to interferometric detection, GCLAD does not require reflecting or scattering an optical beam from the sample surface. It is thus independent of the surface optical properties of the sample. It can be applied to a large class of materials. Samples can be interchanged without extensive optical adjustments. The sensitivity with untreated samples is comparable or greater to that obtained with painted samples when using our confocal Fabry-Perot-based detection system [9] , which uses a 200 m W detection laser. The GCLAD system is comparatively simple, and utilizes no specialized optics or stabilizing electronics. The frequency response is broad-band, with high frequency limits caused by the increasing attenuation of the acoustic wave at higher frequencies.
THEORY
An expression for the beam deflection angle () which results from an acoustic density variation can be deduced from the eikonal equation
Here R(r) is the path of a light ray and ds is the element of path length along the ray. An acoustic wave radiated from the lower surface of the sample in Figure 1 will be assumed to be approximately a plane wave over the region of interaction with the probe beam, with the acoustic pressure having the form p(x + ut) , where u is the speed of sound. The acoustic density is p/u 2 [10] . The index of refraction can be calculated from
where A is the molar refractivity [1] and M is the molar mass. In an acoustic wave the index of refraction will be no + na , with
The angle of deflection, assumed small, is
The left side of Equation (4) 
For air under ambient conditions, the index of refraction at 532 nm is 1.0002939 [1] . 
where 6.z is the width of the intersection of the acoustic and probe beams. The frequency response of the detection electronics used in these measurements has not yet been characterized. However, it is clear that the system is sufficiently fast for observation of ultrasound at frequencies near 1 MHz.
LASER-GENERATED WAVEFORMS
GCLAD provides an alternative detection technique for laser-based ultrasonic inspection of materials [11, 12] . It is similar to detection with air-coupled transducers [13, 14] ' but does not have the bandwidth limitations of air-coupled transducers.
As noted above, GCLAD is independent of the surface optical properties of the material under test . Different samples can be rapidly interchanged. Waveform measurements in several samples taken with the system shown in Figure 1 are displayed in Figure 4 . Ultrasound was generated by a pulsed 1064 nm Nd:YAG laser incident on the upper surface of the sample in Figure 1 . The ultrasonic signals echo several times within the sample, and radiate an acoustic wave at each reflection . The beam deflections resulting from the acoustic waves were observed on a photo detector located 1 m from the samples.
The displayed waveforms were generated in a 16-layer AS-4/PEEK pultruded rod , a 16-layer AS-4/PEEK composite panel, and an 8-layer AS-4/PEKK tow-placed panel. The generating spot size was 0.2 cm 2 . The waveforms were generated in the thermoelastic regime. The detected waveforms were digitally averaged over 25 shots. Waveforms have also been detected in various metals and polymer materials. However, graphite/polymer composites present particular difficulties for laser-based interferometric techniques. These composites typically have optically rough surfaces and high optical absorption, so that only weakly reflected light is available for interferometry. These problems are inconsequential for GCLAD.
LASER-BASED ULTRASONIC INSPECTION
Through-transmission C-scans (planar ultrasonic images) of composite samples were generated using GCLAD in the configuration of Figure 5 . Two computercontrolled, screw-driven arms translated the sample perpendicular to the generation beam and parallel to the probe beam. The range of the scans was set to 50 x 50 mm 2 with a resolution of 1 mm 2 /pixel for these preliminary experiments. The pulsed laser energy was set so that generation took place below the ablation threshold for each sample. The detection beam was positioned about 4 mm from the sample, and followed a 2 m path, folded with mirrors, to the photodetector. Each pixel represents the average of the amplitudes of six laser-generated waveforms. Figure 5 . Ultrasonic C-scan system using pulsed-laser generation and GCLAD detection of the acoustic waveforms. Figure 6 . 50x50 mm 2 laser-generated/GCLAD detected C-scans of 16-layer (left) and 32-layer (right) AS-4/epoxy composite panels with subsurface impact damage. Figure 7 shows two C-scans of an 8-layer AS-4/PEKK tow-placed composite panel. The left scan was made with GCLAD; the right scan was made with our confocal Fabry-Perot (CFP) interferometer-based detection system [9] . Frequency drift in the laser caused occasional loss of synchronization with the CFP, observable as dark pixels in the right image. In contrast, the GCLAD C-scan shows no loss of signal and better resolution. In addition , a reflective coating applied to the sample surface was necessary to conduct the inspection using the CFP-based system. Coating was not required for the GCLAD-scan. 
CONCLUSIONS
Gas-coupled laser acoustic detection has been applied to ultrasonic inspection of materials. Laser-generated waveforms have been detected in a variety of materials and ultrasonic C-scans have been performed on various graphite/polymer composite panels. The sensitivity of the detection technique is comparable with laser-based interferometric techniques with low-power detection lasers and painted samples, but is totally independent of the optical properties of the material surface such as reflectivity and optical smoothness. The system also requires no specialized optics or stabilization circuitry. Like air-coupled transducers, system response is dependent on the attenuation properties of the gas medium, but does not have the bandwidth limitations of air-coupled transducers.
In future work the frequency response of GCLAD will be systematically investigated, and the limits of resolution of C-scans with GCLAD will be determined. Preliminary experiments have already shown that GCLAD can be used for single-surface measurements of surface acoustic waves.
